Shear stress has been recognized as one of the biophysical methods by which to permeabilize plasma membranes of cells. In particular, high pressure transient hydrodynamic flows created by laser-induced cavitation have been shown to lead to the uptake of fluorophores and plasmid DNA. While the mechanism and dynamics of cavitation have been extensively studied using a variety of time-resolved imaging techniques, the cellular response to the cavitation bubble and cavitation induced transient hydrodynamic flows has never been shown in detail. We use time-resolved quantitative phase microscopy to study cellular response to laser-induced cavitation bubbles. Laser-induced breakdown of an optically trapped polystyrene nanoparticle (500 nm in diameter) irradiated with a single nanosecond laser pulse at 532 nm creates transient shear stress to surrounding cells without causing cell lysis. A bi-directional transient displacement of cytoplasm is observed during expansion and collapse of the cavitation bubble. In some cases, cell deformation is only observable at the microsecond time scale without any permanent change in cell shape or optical thickness. On a time scale of seconds, the cellular response to shear stress and cytoplasm deformation typically leads to retraction of the cellular edge most exposed to the flow, rounding of the cell body and, in some cases, loss of cellular dry mass. These results give a new insight into the cellular response to laser-induced shear stress and related plasma membrane permeabilization. This study also demonstrates that laser-induced breakdown of an optically trapped nanoparticle offers localized cavitation (70 µm in diameter), which interacts with a single cell.
INTRODUCTION
Laser-induced breakdown (LIB) causes a rapid temperature and pressure increase within the plasma followed by the expansion of a cavitation bubble accompanied by a high pressure hydrodynamic flow. During the collapse phase, a bubble close to the substrate forms hydrodynamic jets towards the surface. The subsequent outward flow along the surface collides with the inward moving bubble wall, 1 which results in complex flow fields around the bubble.
2 Such dynamical processes are central to a range of key techniques, particularly in the biomedical sciences including targeted cell lysis and dissection or inactivation of material such as cellular organelles, cytoskeletal filaments, and chromosomes. [3] [4] [5] Such breakdown is also essential to the targeted delivery of genes or biomolecules via transient permeabilization of the plasma membrane of a cell (photoporation).
2, 6-10
In the past, time-resolved brightfield imaging with nanosecond temporal resolution was used to visualize the lysis zone and cellular deformation under the bubble. 11 It was shown that the hydrodynamic shear flow from the expanding bubble is the main factor in cell deformation. 12 The extent of cell lysis and molecular injection zones were quantitatively related to laser parameters and the created hydrodynamic pressure. 6 In a similar manner, brightfield time-resolved imaging was employed to visualize cavitation dynamics in a microfluidics channel 5 and in the rat cornea. 13 Also, a fast camera with microsecond temporal resolution was used to quantify red blood cell deformation induced by LIB of water.
14 In all these studies, based on brightfield microscopy, the acquired images displayed only the deformation of the cell outline without any more detailed and quantifiable information about the actual changes within the cell's cytoplasm.
Time-resolved pulsed interferometry, realized both with femtosecond and nanosecond lasers, was previously used to study fast transient processes in various materials upon laser irradiation 15 and ablation. 16, 17 Typically only a single interferogram at a predefined time delay is acquired although a multi-exposure modification was also proposed.
18 Digital holography microscopy (DHM) at a video frame rate has been successfully used to quantify cellular response to focused nanosecond 19 and femtosecond 20 laser mediated cellular membrane poration. To our knowledge, time-resolved interferometry or quantitative phase imaging has never been used to study fast transient processes in live cells or tissues.
We recently proposed a new technique to create well localized cavitation bubbles 2, 7-9 that can be used to permeabilize the cellular membrane and introduce plasmid DNA into a small population of surrounding cells. In this approach, a nanosecond laser is focused onto a single nanoparticle, which is optically trapped in the proximity of the cells of interest. The breakdown threshold energy is significantly decreased when compared to the LIB of a liquid, providing a more controllable and confined cavitation. The total energy of the system is typically several orders of magnitude lower than that of water leading to a lower magnitude of hydrodynamic shear stress. As a result, no cell lysis zone is observed, with the majority of cells remaining viable, which makes this technique particularly suitable for single cell studies.
In this letter, we employ time-resolved quantitative phase imaging to gain a better insight into the transient cellular deformation under conditions of shear stress created by the LIB of a single nanoparticle. The combined implementation of off-axis DHM in a Mach-Zehnder geometry with either pulsed (nanosecond) or CW illumination enables us to study dynamics of the cellular response to transient shear stress at time scales spanning from microseconds to minutes. This versatile approach allows us not only to observe the deformation and displacement of the cell body but importantly to relate the long term cellular response to the initial reversible deformation of the cell body which is observable only at the microsecond scale.
MATERIALS AND METHODS

Laser trapping and laser-induced breakdown
A 1070 nm CW fiber laser (IPG Laser GmbH, YLM-5-1070-LP: power of ∼ 80 mW) was focused by a microscope objective (Nikon Ltd., E plan 100× 1.25NA/oil) to optically trap a polystyrene nanoparticle (500 nm diameter, 3500A Thermo Fisher Scientific Inc.) within an aqueous medium, as shown in Fig. 1 (inset). The nanoparticle was held 15 µm above the substrate. A single pulse from a 532 nm frequency doubled Q-switched Nd:YAG laser (Elforlight Ltd., SPOT: pulse width of ∼ 1 ns, energy of ∼ 1 µJ) was co-aligned with the trapping beam and focused through the same objective onto the trapped nanoparticle.
Digital holography microscopy
Quantitative phase imaging was realized in a typical fiber based off-axis DHM setup. 20 For time-lapse recordings, light from a laser diode (Hitachi HL6344G, λ = 635 nm) was coupled into a single mode optical fiber splitter. Alternatively, in the nanosecond time-resolved imaging a second 532 nm Nd:YAG laser (Elforlight Ltd., SPOT: pulse width of ∼ 1 ns, energy of ≤ 1 µJ) was used in place of the CW laser diode. In that case both ns lasers were triggered by a delay pulse generator (Directed Energy, Inc., PDG-2515) where the illumination laser was triggered at a desired time delay (50 ns − 20 µs) after the LIB event. In both types of experiments a 0.5× lens between the microscope and the camera was used to demagnify the image giving the effective magnification of 50×. Off-axis holograms were recorded by a CCD camera (Imaging Source, DMK31BU03) running either at the full frame rate of 25 fps or triggered for single frame time-resolved imaging. In the latter case one stroboscopic hologram was captured for each triggered LIB event. In addition, a hologram was acquired 1 second before and after the breakdown event. The complex wavefront in the object plane was reconstructed from the off-axis holograms using a Fourier space filtering technique either in real time using LabView or in MATLAB post-processing. When necessary the reconstructed phase was unwrapped and the quadratic curvature of the background was fitted and subtracted. Figure 1 . Experimental Setup. LIB and trapping beams are coupled into the microscope using dichroic mirrors DM1 (R80%@1070 nm/T50%@532 nm) and DM2 (R92%@532 nm/T70%@1070 nm). SM1 and SM2 are steering mirrors for the trapping and LIB beams, respectively.
Cell preparation
Chinese hamster ovary cells (CHO-K1) were used in the study. Cells were seeded onto glass-bottomed Petri dishes (World Precision Instruments) 48 hours prior to experiments and incubated at 37
• C and with 5% CO 2 to assure complete cell attachment. For the experiment the culture medium was replaced with OptiMEM (Invitrogen) containing nanoparticles. Figure 2 shows three typical reactions of cells observed over a few minutes after the LIB of a trapped nanoparticle. Contrary to the previous study with the LIB of a liquid, 11 we observed no cell lysis in the vicinity of a cavitation bubble. This can be attributed to the lower breakdown threshold of the nanoparticle, which in turn leads to a less violent cavitation event, hence a lower hydrodynamic pressure is created in the system. The most common response is the initial mechanical displacement of the part of the cell facing the cavitation bubble by a few micrometers away from the center of cavitation as shown in Fig. 2b (the dark pattern in the phase difference map). Typically, over the time of a few seconds, cells start to retract further and round up in response to the transient stress as shown by the frames taken at 1 and 2 minutes after the LIB event. This is also clearly visible in the time trace of cell area (Fig. 2e) . Interestingly, in some cases the stress response starts to be well pronounced after 1 − 2 seconds even when no initial noticeable cell deformation or displacement can be observed immediately after the LIB (Fig. 2f-j) . This suggests a more subtle and transient form of cell interaction with the expanding bubble and hydrodynamic flow. Comparison of changes in optical thickness (Fig. 2b-d and Fig. 2g-i) as well as time traces of cell area (Fig. 2e and Fig. 2j) clearly show that the side of the cell facing the hydrodynamic flow is being quickly retracted and the cytoplasm from this part is transported towards the center of the cell leading to a gradual increase in thickness. At the same time no change in the cell footprint is observed in areas not directly facing the direction of the shear stress. The typical time scale of this reaction suggests that it is related to a local activation of shear stress response pathways leading to cytoskeleton reorganization. Importantly, no or minimal loss of total optical thickness, which is proportional to the total cellular dry mass, 21 is observed in these two cases (Fig. 2e and 2j) . In rare cases a significant gradual loss of dry mass is observed as shown in Fig. 2k -o. This type of response strongly correlates with appearance of long lasting (< 0.5 s) residual gas bubbles on the cellular membrane (Fig. 2 ) , which most probably cause an irreparable damage and loss of dry mass (Fig. 2o) . Interestingly, these bubbles do not appear in all cases. Moreover, they are typically localized on the cell membrane rather than in the center of cavitation. The formation of residual gas bubbles was also previously reported by Rau et al. in the LIB of a liquid. 
RESULTS AND DISCUSSIONS
Time-lapse digital holography microscopy
Time-resolved digital holography microscopy
The cavitation dynamics and transient deformation of the cell body under hydrodynamic shear stress can be revealed in detail by the time-resolved DHM. Importantly, it also enables a direct measurement of the evolution of the cavitation. The produced cavitation bubbles had a typical maximum radius of r ∼ 35 µm with a lifetime of t ∼ 12 µs. Notably, the presence of a monolayer of cells affects the cavitation dynamics, in which case the maximum radius is smaller than that without cells. 12 In the LIB of a nanoparticle the maximum extent of the bubble is typically limited to the first circle of surrounding cells. It appears that a significant part of the bubble energy is absorbed by these cells leading to a very strong transient deformation. Based on a detailed time-resolved imaging of cavitation bubble evolution 2 and using the numerical model proposed by Rau et al., 12 we can estimate the maximum shear stress related to the radial hydrodynamic flow to be on the order of 10 − 100 kPa. Figure 3 shows quantitative phase maps of the transient deformation of cells at 3 µs (Fig 3a-d) and 15 µs (Fig 3e-h) after the LIB of a nanoparticle. In the first case the bubble is in an expansion phase with the hydrodynamic flow directed away from the bubble. Fig. 3b shows that the hydrodynamic flow caused by the expanding bubble exerts enough shear stress to push the cell bodies away from the cavitation center with a typical displacement of 2 − 5 µm visible in the profiles in Fig. 3d . Noticeably, these profiles also show that the optical thickness of the cell near the edge exposed to the flow is reduced by as much as 70 − 80 % indicating that most of the cytoplasm is pushed towards the inside of the cell. Unfortunately, the steep edge of the cavitation bubble does not allow for phase reconstruction of the cells already encompassed by the bubble . Fig 3f shows cells 15 µs after the LIB, in which case the cavitation bubble has fully collapsed. Noticeably, the cells are still deformed, and cell 1 (in Fig 3f) close to the cavitation center is still pushed away while cell 2 (in Fig 3f) at a larger distance from the center, is pulled towards it. This reveals for the first time that the hydrodynamic flow fields cause the cells to move back and forth during the bubble's expansion and collapse, which can enhance intracellular movement and related stress. As a result the cells experience a shear stress not only on the membrane but also within the cytoplasm. Importantly, in both cases all the cells return to their initial positions with no change in the footprint or optical thickness 1 s after the LIB event ( Fig. 3c and 3g ). This indicates that in some cases the produced shear stress from the LIB of a nanoparticle does not affect the adherence of the cells to the substrate and that the movement of the cytoplasm results only in a fully reversible elastic deformation of the cytoskeleton. This observation is consistent with the delayed cellular response without any initial deformation shown in Fig. 2f-j . with 'x'. a and e show phase maps before LIB while all other images show the difference in phase between a given moment after LIB and the state before. Profiles in d and h show the cross-section through corresponding phase maps along lines shown in a and e respectively: the state before (black), during cavitation (blue), 1 s after cavitation (green); red curve shows the difference between the phase maps, during (blue) and before cavitation (black). All phase maps in radians. Scale bar 20 µm common to all figures.
Our findings revealed that both the cavitation bubble and the related hydrodynamic flow exert a considerable shear stress on the cell body leading to transient cytoplasm deformation. For the first time a bi-directional cytoplasm displacement was observed during expansion and collapse of the cavitation bubble. Noticeably, in some cases cell deformation was only observable at the microsecond timescale without any permanent change in cell shape or optical thickness. The comparison of cellular responses observed at different time scales suggests that in such cases the slow cellular reaction may be delayed by up to 1 − 2 seconds, usually leading to retraction of the cellular edge most exposed to the flow.
We believe that the presented observations give a valuable insight into cell deformation and reaction to transient external shear stress. The time-resolved phase images suggest that the mechanism responsible for cellular membrane permeabilization and the previously reported plasmid DNA transfection 2, 7, 8 is most probably a combination of a direct interaction with the expanding bubble for the first row of cells and with the transient hydrodynamic flow elsewhere. The presented time-resolved holographic technique in combination with the creation of controllable cavitation bubbles can be used in further single cell quantitative studies of cellular elastic deformation under transient shear stress providing a better understanding of the viscous and elastic properties of adherent cells. 
